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Abstract
The “colossal magnetoresistive” (CMR) manganites are highly cor-
related systems with a strong coupling between spin, charge, or-
bital, and lattice degrees of freedom, which leads to complex phase
diagrams and to the coexistence of various forms of ordering. For
example, nanoscale charge/orbital ordering (CO) fluctuations ap-
pear to cooperate with Jahn-Teller (JT) distortions of the MnO6
octahedra in CMR manganites and compete with the electron itin-
erancy favored by double exchange. However, access to the ordered
dynamical state has been challenging, mostly due to intrinsic exper-
imental difficulties in measuring fast short-range correlations. Here,
we report on a strongly damped low-energy collective mode orig-
inating from fast short-range CO fluctuations in La0.67Ca0.33MnO3
(LCMO) single crystal and thin films. We elucidate the collective
mode in terms of its dispersion relation and dependence on average
1
A-site ion radius, rA, and hole-doping concentration. Our results
show for the first time that dynamical short-range CO correlations
in CMR manganites can be detected with high momentum resolu-
tion by coherent ultrafast optical techniques.
Charge/orbital ordering (CO) is a common characteristic of transition metal oxides with
perovskite structure [1–4]. Recent neutron scattering experiments showed that fast short-
range correlation of the so-called CE-type charge ordering exists in the colossal magneto-
resistive (CMR) manganite, LCMO, above the Curie temperature, TC [5,6]. The coupled
dynamics of fluctuating CO phases and Jahn-Teller (JT) distortions of the MnO6 octahedra
are found to be crucial for the metal-insulator (MI) phase transition and the CMR effect
[7,8]. Therefore, it is fundamentally important to elucidate the dynamics of short-range
charge/orbital stripes in CMR materials.
Ultrafast optical techniques have provided significant insight into coupled electron, lat-
tice and spin dynamics in metals [9,10], and more recently, transition metal oxides [11–15].
In this work, we investigate for the first time the collective dynamics of short-range CO
fluctuations in CMR manganites by time-resolved optical spectroscopy. The period of the
CO modulations show strong dependence on hole doping concentration and average A-site
ion radius, which is explained by different correlation length and strength in these mate-
rials. We obtain a coherence length of ∼250 nm for LCMO and >>2.5 µm for LaMnO3
(LMO). The overdamped behavior in LCMO is due to inhomogeneous dephasing, whereas
in LMO, the damping rate is very small because of the static and long-range correlation.
Our results show that the time-resolved optical technique provides momentum-resolved spec-
troscopic information on the low-energy dynamics of short-range CO fluctuations in colossal
magneto-resistive materials. This important new information is relevant for elucidation of
collective transport phenomena in strongly correlated electron systems.
In the time-resolved optical experiments, the change of reflectivity (∆R) induced by the
pump beam is measured as a function of time delay for different wavelengths of the probe
beam (λprobe = 400 nm - 2.5 µm) in both LCMO single crystal and thin films. Figure
2
1 shows typical time evolution of ∆R for LCMO thin film and LMO single crystal as a
function of time delay ∆t between the pump and probe pulses. The data are taken at 285
K and 35 K with pump and probe wavelength of 800 nm, respectively. After the initial
laser pulse excitation, the decay of ∆R clearly shows an oscillatory component on top of a
multi-exponential decay.
Here, we discuss only the slow oscillatory component observed in the trace of ∆R from
LCMO and LMO (Fig. 1). Figure 2 displays the coherent overdamped oscillations of
∆R from LCMO thin film without the exponentially decaying part as a function of probe
wavelength in the range 400 nm to 2300 nm. The oscillations are heavily damped and
strongly dispersive. Only one, at most two oscillations, are observed in the whole wavelength
range. The frequency of the oscillations decreases from 73.83 GHz at 400 nm to 21.8 GHz
at 2300 nm.
Figure 3 shows the dispersion relation of the slow oscillation of ∆R from LCMO thin
film at 285 K. The wave number is given by q = 2n/λ, where λ is the probe wavelength and
n is the refractive index of LCMO [16]. The frequency of the coherent oscillations increases
proportional to the wave number of the excited mode. The slope gives a phase velocity for
the collective mode of cφ = 7.1± 0.3× 10
3 m/s along the c-axis.
The coherent oscillations of ∆R show strong dependence on hole doping concentration
and average A-site ion radius, rA. The former is clearly revealed in ∆R from LMO (Fig. 1).
Similar to the LCMO sample, ∆R also exhibits a slow oscillatory component on top of a
bi-exponential decay in the parent compound LMO. However, the 800-nm data from LMO
reveal a different modulation period of ∼ 45 ps, in contrast to ∼ 27.6 ps observed in LCMO
(Fig. 1). The oscillations also show a strong dependence on A-site substitution (average
A-site ion radius, rA). The modulation period for PCMO single crystal at 800 nm is ∼ 40
ps [17], which is much longer than in LCMO.
These observations strongly suggest that the coherent oscillations originate from a low-
energy collective mode in LCMO. The fact that the period of the oscillations is longer in
the parent compound LMO and PCMO, which has a smaller average ionic radius than
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LCMO, can be explained by different correlation length and strength in these materials. As
compared to LCMO, where the charge/orbital correlations are short-range in nature due to
the presence of ferromagnetic phases, the charge/orbital coupling is stronger and long-range
in both LMO and the smaller bandwidth manganite PCMO. The case of LMO, with no
double-exchange carriers, is a typical example in which the orbital ordering is enhanced
by the increase of Jahn-Teller interaction. The stronger charge/orbital correlation in LMO
results in a heavier effective mass than in LCMO. The phase velocity of the collective modes
is determined by the effective mass and the Fermi velocity, vF [18]:
cφ = (
m
m∗
)1/2vF
which is therefore smaller in LMO than in LCMO. We expect a longer oscillation period
in LMO since the modulation period is inversely proportional to the phase velocity of the
material. Similarly, the ground state of PCMO exhibits charge-localizing real space ordering
of Mn3+ and Mn4+ ions that occurs at ∼220 K. The charge/orbital correlation in PCMO
is enhanced by the increase of orthorhombic distortion of GdFeO3-type [19]. Thus, a longer
oscillation period is expected in PCMO as well.
Another particularly intriguing result is the strong doping concentration dependence of
the damping rate of the coherent oscillations in LCMO. As shown in Fig. 1, the coherent
oscillations in LMO persist for at least 600 ps (∼15 periods) with very little damping whereas
at most two periods of the collective mode can be observed in LCMO. Since the optical
properties of LCMO and LMO are very similar at photon energies in the near infrared to
visible range [20,21], the stronger damping observed in LCMO must be directly related to
the damping of the collective mode. The results shown in Fig. 1 allow us to extract the
coherence length
λ = τcφ
for LCMO and LMO, which depends essentially on the damping time τ of the collective
mode. We obtain a coherence length of ∼250 nm for LCMO and >>2.5 µm for LMO.
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The overdamped behavior in LCMO may result from inhomogeneous spatial distribution
(inhomogeneous dephasing) and the dynamical nature of the short-range charge/orbital
ordering phases. The coherence length for LCMO is of the same order of magnitude as
the charge/orbital correlation length of the CE-type phase in perovskite manganites with
a characteristic length scale of stripe domains on the order of 100 lattice spacings [22]. In
contrast, the damping rate is very small for LMO, because the orbital domains in LMO are
static and the correlation is long-range. There is also a very limited phase space available
for scattering into other modes in the wavelength range investigated.
The inset of Fig. 1 illustrates the optically excited collective modes in LCMO and
LMO. The photo-generated charge/orbital ordering modulations cause complex rotations
of the MnO6 octahedra, which oscillate along the modulation direction. The collective
modes propagate from the surface in the crystallographic c-direction and approach zero
with increasing distance from the origin due to the finite range of correlations.
Finally, we present a simple physical model that accounts correctly for the excitation
and detection of the coherent charge/orbital-ordering oscillations. The number of photons
per pulse and unit volume absorbed in the sample is ∼1020 photons/cm3, comparable to
the charge-carrier density (∼1020-1021 holes/cm3) in LCMO; hence, one expects significant
electron excitation during ultrashort pump pulse illumination. This can lead to coherent
excitation of collective modes [23]. We use a tunable optical probe pulse to detect the var-
ious frequency components of the photo-generated collective modes. In the back-scattering
geometry (Fig. 4), part of the probe pulse is reflected by the wave front of the excited
collective modes and the remainder at the surface of the sample. These reflections interfere
constructively or destructively depending on the position and time of the charge density
modulation. Further, the momentum selection rule for back scattering is qi + qf = q cos θ,
where qi and qf are the wave vectors of the incident and scattered probe beam in the
material, and θ is the probe beam incident angle (θ ∼ 0◦). Therefore, for a given probe
wavelength phase-matching occurs exclusively for a single collective mode wavevector. This
process causes the probe signal to oscillate with time delay relative to the pump pulse. The
5
new scheme provides momentum-resolved spectroscopic information of collective modes in
solids.
In summary, we investigated fast short-range CO fluctuations in LCMO by time-resolved
optical spectroscopy. The amplitude, period and damping of the CO modulations show
strong dependence on hole doping and average A-site ion radius. The results reported
here have great significance for understanding the competition/cooperation behavior and
nanoscale phase separation in colossal magnetoresistive manganites. Our scheme represents
a new approach to investigate low-energy collective dynamics in strongly correlated electron
systems with high-momentum resolution.
Methods
LCMO and LMO single crystals and thin films were grown by the floating zone method
and pulsed laser deposition. The samples were characterized by electrical resistivity and
magnetization measurements. The LCMO single crystal and 400-nm thin film (grown on
NdGaO3 (110) substrate) have a Curie temperature TC = 225 K and 260 K, respectively.
The LMO single crystal shows a Neel temperature TN = 145 K. For the transient reflectivity
measurements the samples were mounted in an optical cryostat. The laser system consists
of a Ti:sapphire regenerative amplifier (Spitfire, Spectra-Physics) and an optical parametric
amplifier (OPA-800C, Spectra-Physics) delivering 100-fs short pulses at a 1-kHz repetition
rate tunable from 600 nm to 10 µm. A two-color pump-probe setup is employed with the
pump beam power < 6 mW and the probe beam power < 1 mW. The unfocused pump beam,
spot-diameter ∼2 mm, and the time-delayed probe beam are overlapped on the sample with
their polarization perpendicular to each other. The reflected probe beam is detected with a
photodiode detector. A SR250 gated integrator & boxcar averager, and a lock-in amplifier
are used to measure the transient reflectivity change ∆R of the probe beam.
† Current address for C. S. Hong, Department of Chemistry, Korea university, Anam-
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Figure captions
Figure 1. Time evolution of reflectivity change, ∆R, for LCMO thin film at 285 K and
LMO single crystal at 35 K. The transient reflectivity clearly reveals coherent oscillations
on top of a multi-exponential decay. The inset shows a schematic illustration of optically
excited collective modes in LCMO and LMO. The photo-generated charge/orbital ordering
modulations cause complex rotations of the MnO6 octahedra, which oscillate along the
modulation direction and approach zero with increasing distance from the origin due to the
finite range of correlations.
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Figure 2. a) Time evolution of ∆R from LCMO thin film for probe wavelengths from
ultraviolet (400 nm) to mid-infrared (2300 nm); b) Fourier transforms of ∆R traces shown
in a).
Figure 3. Collective mode dispersion relation of LCMO thin film with thickness 400 nm
grown on NdGaO3 (110) substrate at 285 K. Solid squares: the experimental data. Solid line:
the predicted dependence ν = 2ncφ cos θ/λ, with λ the probe wavelength, n the refractive
index of LCMO, and θ the probe beam incident angle (θ ∼ 0◦).
Figure 4. Schematic of photo-induced coherent CO mode excitation and detection mech-
anism. The strong absorption of ultrashort pump pulses generates broad-band coherent CO
oscillations. The modes propagate into the sample and are detected in the back-scattering
geometry by tunable optical probe pulses. Momentum selection rule for back scattering is
qi + qf = q cos θ, with qi and qf the wave vectors of the incident and scattered probe beam
in the material.
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